ABSTRACT Females and males of sexually reproducing animals must cooperate at the molecular and cellular level for fertilization to succeed, even though some aspects of reproductive molecular biology appear to involve antagonistic interactions. We previously reported the existence of a proteolytic cascade in Drosophila melanogaster seminal fluid that is initiated in the male and ends in the female. This proteolytic cascade, which processes at least two seminal fluid proteins (Sfps), is a useful model for understanding the regulation of Sfp activities, including proteolysis cascades in mammals. Here, we investigated the activation mechanism of the downstream protease in the cascade, the astacin-family metalloprotease Seminal metalloprotease-1 (Semp1, CG11864), focusing on the relative contribution of the male and female to its activation. We identified a naturally occurring semp1 null mutation within the Drosophila Genetic Reference Panel. By expressing mutant forms of Semp1 in males homozygous for the null mutation, we discovered that cleavage is required for the complete activation of Semp1, and we defined at least two sites that are essential for this activational cleavage. These amino acid residues suggest a two-step mechanism for Semp1 activation, involving the action of at least two malederived proteases. Although the cascade's substrates potentially influence both fertility and sperm competition within the mated female, the role of female factors in the activation or activity of Semp1 is unknown. We show here that Semp1 can undergo its activational cleavage in male ejaculates, without female contributions, but that cleavage of Semp1's substrates does not proceed to completion in ejaculates, indicating an essential role for female factors in Semp1's full activity. In addition, we find that expression of Semp1 in virgin females demonstrates that females can activate this protease on their own, resulting in activity that is complete but substantially delayed.
P
ROTEOLYSIS regulates numerous biological processes, ranging in diversity from embryonic development to cell death. Proteases, the effectors of proteolysis, are present in the seminal fluid of all animals investigated to date, but their role in reproduction is not well understood (LaFlamme and Wolfner 2013) . Seminal fluid proteases are often activated at ejaculation, allowing for the possibility that either molecules from the male, the female, or both, are required for their activation. Given how little is known about the regulation of seminal fluid proteases, a model system for studying these proteins is particularly useful. We recently demonstrated that a Drosophila melanogaster seminal fluid proteolysis pathway that begins in the male during copulation, and is completed in the female following copulation, is regulated by at least two proteases (LaFlamme et al. 2012) . This pathway lends itself well to genetic manipulation and is therefore a useful model in which to study the regulation seminal fluid proteases.
Seminal fluid proteins (Sfps) are important for male fertility in most species with internal fertilization, and in some with external fertilization (Poiani 2006; Avila et al. 2011; Rodríguez-Martínez et al. 2011) . Additionally, Sfps are necessary for sperm function, although they do not form part of the sperm itself. In D. melanogaster, ablation of the major Sfp-producing tissue, the male accessory gland (AG), results in the complete loss of male fertility (Kalb et al. 1993; Gligorov et al. 2013) , unless Sfps are provided by a second male (Xue and Noll 2000) . Over 200 Sfps are transferred (or inferred to be transferred) to females during mating in D. melanogaster (Ravi Ram and Wolfner 2007; Findlay et al. 2008 Findlay et al. , 2009 Takemori and Yamamoto 2009; Yamamoto and Takemori 2010) . However, functions have been assigned to only a small proportion of Sfps in this, or any, species (Avila et al. 2011) .
The major protein classes of Sfps are common among distant taxa-from insects to humans-and include prohormones, lectins, cysteine-rich secretory proteins (CRISPs), proteases, and protease inhibitors (Poiani 2006) . Proteolysis regulators are a highly represented protein class in the seminal fluid of animals in which proteomic studies of Sfps have been carried out (LaFlamme and Wolfner 2013). In humans, .100 proteins in the seminal plasma are proteolysis regulators (out of 950 seminal proteins) (Utleg et al. 2003; Fung et al. 2004; Pilch and Mann 2006) . In D. melanogaster, proteins with predicted protease or protease inhibitor domains account for at least 14% of known or inferred Sfps (Ravi Ram and Wolfner 2007; Findlay et al. 2008 Findlay et al. , 2009 Takemori and Yamamoto 2009; Yamamoto and Takemori 2010) , though individual proteins in this class tend to be of low abundance (Findlay et al. 2008) .
Few proteolysis cascades have been studied in animal seminal fluids. A single proteolysis cascade has been described in human seminal fluid. The chymotrypsin-like serine protease prostate-specific antigen (PSA) is activated by a complex proteolytic network involving several kallikreinlike serine proteases (Pampalakis and Sotiropoulou 2007) . Activated PSA degrades the seminal clot that forms quickly after ejaculation and would otherwise entrap and immobilize a proportion of ejaculated sperm. In the silkworm Bombyx mori, the serine-type endopeptidase initiatorin appears to activate a protein-arginine cascade in the spermatophore (Aigaki et al. 1994; Nagaoka et al. 2012) , a cascade that may contribute to sperm activation in this species.
In D. melanogaster, as previously described, a proteolytic pathway is initiated in the male genital tract during ejaculation whereby the trypsin-like serine protease seminase is activated, allowing for the rapid cleavage and activation of the astacin metalloprotease CG11864 (LaFlamme et al. 2012) , which we rename here Seminal metalloprotease-1 (gene symbol: semp1). Semp1, in turn, is required for the proteolytic cleavage of at least two downstream Sfps: ovulin (Acp26Aa) and Acp36DE (LaFlamme et al. 2012) . Ovulin stimulates the release of eggs from the ovary during the first 24 hr after mating and contains a short region of sequence similarity to the egg-laying hormone of Aplysia californica (Monsma and Wolfner 1988; Monsma et al. 1990) . Shortly after the start of mating (ASM), ovulin is cleaved in three sequential steps from its N-terminal end to produce four cleavage products by 30 min to 1 hr ASM (Park and Wolfner 1995) . The function of this cleavage remains unknown, though ectopic expression of the final two C-terminal cleavage products, as well as the full-length protein, each independently stimulates ovulation in virgin females. These results suggested the possibility that ovulin's cleavage products might be more potent inducers of ovulation than the uncleaved protein (Heifetz et al. 2005) .
Acp36DE is a large glycoprotein required for sperm entry into storage (Bertram et al. 1996; Neubaum and Wolfner 1999; Bloch Qazi and Wolfner 2003) , "offensive" aspects of sperm competition (Chapman et al. 2000) , and postmating morphological changes to the female uterus (Avila and Wolfner 2009 ). Acp36DE undergoes one cleavage, beginning at 8 min ASM, to produce cleavage products of 68 and 50 kDa from the 122-kDa full-length protein LaFlamme et al. 2012) in the female reproductive tract (RT) (Bertram et al. 1996; Bloch Qazi and Wolfner 2003) . As with ovulin, the role of Acp36DE cleavage in its activity is unknown. A separate, but poorly understood proteolytic pathway involving seminaseand the predicted serine protease CG9997 as well as other proteins-maintains the long-term function of the Sfp sex peptide, which is a major regulator of female postmating responses (LaFlamme et al. 2012) .
The apparent activation of Semp1 by seminase provides a promising model for understanding the activation and function of a seminal fluid protease cascade and the role that the female plays, if any, in its function. The two proteases (seminase and Semp1) and two targets thus far identified (ovulin and Acp36DE) provide the opportunity for genetic manipulation and study. D. melanogaster is an excellent model for this approach, as targeted gene manipulation is routine in this species. Previously, the role of Semp1 in the processing of downstream Sfps was dissected using RNAi knockdown. Knockdown of semp1 in males resulted in incomplete and drastically delayed cleavage of both ovulin and Acp36DE in mated females . Because cleavage of these Sfps was delayed, but not completely lost, it was unclear whether there was a second, partially redundant cleavage pathway for ovulin and Acp36DE processing or whether expression of semp1 was insufficiently knocked down to fully remove its activity.
Here, we report discovery of a semp1 null allele in a naturally derived, inbred line belonging to the Drosophila Genetic Reference Panel (DGRP) (Mackay et al. 2012) . We demonstrate that in mates of semp1 null males, there is a complete absence of processing of either substrate protein. Additionally, using the semp1 null background, we identified two amino acid residues that are essential for Semp1's activational cleavage; their nature suggests a two-step activation of this protease. To further clarify the contributions from the male and female to Sfp proteolysis, we used semp1 null males mated to females ectopically expressing semp1 to show that Semp1 can be activated in females. Finally, by examining proteolysis in ejaculates collected from males, we showed that no female factors are strictly required for the activational cleavage of Semp1, though female factors are necessary for full and efficient proteolysis of its target proteins.
Materials and Methods

Flies
We reared flies under standard laboratory conditions on yeast/glucose media at 23 6 2°on a 12:12 light/dark cycle.
We used Bloomington stock no. 27436 (P{w[mC]EP} CG5861[G18171]) to link the semp1 517 allele to a miniwhite allele. Failure of PCR amplification using semp1 primers (CG11864 forward: CTC TTT CTC TAT AGG CAT GTCG; CG11864 reverse: GAA GGA GCT CGT GGA TAA TG) was used to test for retention of semp1 517 . We backcrossed semp1 517 into w 1118 for 10 generations. In parallel, we backcrossed stock no. 27436 into w 1118 for 10 generations to use it as the control in fertility experiments ("control males"). The genotype of semp1 517 males used here is: w 1118 ; {blood}CG11864, P[EP]CG5861 in a w 1118 background. The presence of the blood element was confirmed by PCR using forward primers specific to the blood element (517-5933F1: CAA CTG CAA GGA AAA CACG; 517-59141F2: GAC ACT CTG TAG AGG TTA AGC) and reverse primers specific to semp1 (517-39179R1: GAC GTA ATG ACG ACG AGC; 517-39298R2: GAA GGA GCT CGT GGA TAA TG).
We used Bloomington stock no. 7831 (w 1118 ; Df(2L) Exel7063/CyO) to test if the deficiency complemented the semp1 defect in DGRP line 517. We used seminase control and RNAi males as described in LaFlamme et al. (2012) . The seminase P-element insertion line was obtained from the Bloomington Stock Center (stock no. 23408). The paired-GAL4 driver line was purchased from the Bloomington Stock Center (stock number no. 1947).
Flies used for ejaculate collections were derived from a cross between UAS-dTrpAI (Hamada et al. 2008 ) and UASmCD8-Gfp; fru-GAL4(B)/MKRS (Manoli et al. 2005) . These flies were generously provided by B. Baker (Janelia Farms). Males carrying both the UAS-dTrpAI and fru-GAL4(B) transgenes exhibit courtship and mating behavior after exposure to heat (29°) for a few minutes due to activation of the temperature-sensitive neuronal activator dTrpAI (Manoli et al. 2005) .
Ovulin gene sequencing
Ovulin was sequenced from genomic DNA of line DGRP-517 to determine the nature of the ovulin protein truncation. Sanger sequencing was performed by the Cornell BioResources core facility. We used the following primers for PCR and Sanger sequencing: OvulinForward: AGC AGA ACG AAA CAA GAG CC and OvulinReverse: AGA ATC CAA CCA GCA CTT GG.
Cloning of semp1 constructs into the pBI-UAS-CG vector
We used the Gateway (Invitrogen)-compatible pBI-UASC-G vector (Pfeiffer et al. 2008) to clone the Canton-S coding region of semp1. This vector is compatible with the PhiC31 site-specific integrase system in Drosophila (Groth et al. 2004; Bateman et al. 2006; Dietzl et al. 2007) . In addition to the wild-type (WT) semp1 sequence, we cloned three constructs with mutations made using the QuikChange Lightning kit (Agilent): G45A.I46A (semp1 CM ), R41G (semp1 R41G ), and R43G (semp1 R43G ). Genetics Services (Cambridge, MA) injected these constructs into y,w/++ embryos expressing the PhiC31 integrase and carrying the Attp40 site on chromosome 2L at cytogenetic location 25C7 (Markstein et al. 2008) .
Transgene expression in males and females
For our male expression experiments, the transgenic lines were each recombined with the semp1 517 allele. The semp1 transgene and semp1 517 recombinants were crossed to semp1 517 ; prd-GAL4/TM3, Sb to generate males that transfer only the ectopically expressed version of Semp1 during mating. prd-GAL4 drives expression in the adult male accessory glands (Xue and Noll 2002) . We used the ubiquitous driver tubulin-GAL4/TM3, Sb (Bloomington stock no. 5138) to express the transgenes in females.
Observed matings
We conducted all matings as in Avila and Wolfner (2009) . Briefly, we placed single pairs of 3-to 6-d-old virgin females and males in glass vials. Each vial contained a small piece of moistened filter paper. Unless otherwise noted, all females used for Western blot analysis were from the Canton-S (CS) strain. We noted the time at which each mating began; we discarded mating pairs with unusually short (,15 min) copulation durations. For Western blot samples, we individually froze mated females in liquid nitrogen at the time after the start of mating specified for each experiment.
Sample preparation and Western blot analysis
We dissected whole male AGs or lower female RTs (uterus, sperm storage organs, and common oviduct) in 13 PBS under a dissecting microscope. We placed tissues in 10 ml of 13 PBS in a 0.5-ml Eppendorf tube, briefly ground them with a pestle, added 10 ml of 23 SDS sample buffer containing 10% 2-mercaptoethanol, and subsequently boiled them for 5 min.
We separated samples using SDS/PAGE. Gels were 12% polyacrylamide (see Figure 1 , Figure 3 , and Figure 6 ) or 5-15% gradient gels (Figure 4 , Figure 5 , and Figure 7 ). Western blotting was carried out as in Ravi Ram and Wolfner (2009) . Anti-Semp1 (Ravi Ram et al. 2006 ) was used at a concentration of 1:500 in PBST (13 PBS, 0.1% Triton X-100) + 5% nonfat dry milk blocking solution, anti-Acp36DE (Bertram et al. 1996) and anti-alpha-tubulin (Sigma T5168, clone B-5-1-2) at 1:10,000, anti-ovulin (Monsma and Wolfner 1988) at 1:1000, anti-Acp62F (Lung and Wolfner 1999) at 1:2000, and anti-seminase (LaFlamme et al. 2012) at 1:500. Blots in Figure 1 , Figure 3 , and Figure 6 were treated with Amersham ECL Prime substrate (GE Healthcare) or with Amersham ECL and exposed to X-ray film. Blots in Figure 4 , Figure 5 , and Figure 7 were developed with Amersham ECL Plus and imaged using a Typhoon 8600 imager (GE Healthcare).
Identification of the blood transposable element in We analyzed publicly available 454-long reads mapping to the semp1 locus in line 517 from the DGRP sequencing project (Mackay et al. 2012) and identified reads that partially mapped to semp1 and partially to a blood transposable element. We narrowed the insertion point to between 15,613,145 and 15,613,148 on chromosome 2L, within the first exon of semp1. The exact insertion point is ambiguous due to an AT repeat at that location.
Ejaculate collections
We placed UAS-dTrpAI/+; fru-GAL4(B)/+ males in a 0.6-ml Eppendorf tube at 29°for 5 min. After incubation, ejaculates were collected using fine forceps and placed into 2.5 ml of buffer A or B (see below). The ejaculate was generally present as a semisolid mass containing sperm and seminal fluid, though some fluid may have been lost during collection. Three male ejaculates were pooled per sample. Samples were incubated at room temperature (times indicated in the figures) before the addition of 2.5 ml 23 SDS sample buffer. Samples were boiled for 5 min prior to Western blot analysis. The following buffers were used: buffer A, containing 50 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 , 1 mM CaCl 2 (Huguenin et al. 2008) and buffer B, containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2.5 mM CaCl 2 , 2 mM ZnCl 2 (Serpe et al. 2005) . These buffers were chosen because of their previous use in in vitro cleavage assays with astacin-family metalloproteases (Serpe et al. 2005; Huguenin et al. 2008) .
Results and Discussion
Identification of a semp1 null allele
We began screening through the DGRP inbred lines (Mackay et al. 2012) for ovulin processing defects (Supporting Information, Table S1 ). Within the very first 32 lines we screened, we found, to our surprise and delight, one (DGRP-517) in which ovulin was not cleaved in within-line matings. We detected cleaved ovulin in the RTs of wild-type females (CS strain) mated to CS males at 1 hr ASM ( Figure 1B , lane 1; a schematic of normal ovulin processing is shown in Figure 1A and a representative Western blot showing ovulin's wild-type cleavage products is shown in Figure S1 ). In contrast, DGRP-517 females mated to males from the same line had only full-length ovulin at this same time point ( Figure 1B , lane 4). To determine whether the failure to process ovulin was due to an abnormal contribution from the male, the female or both, we mated CS females to DGRP-517 males ( Figure 1B , lane 2) and vice versa ( Figure 1B , lane 3). We found that the DGRP-517 males alone were responsible for the ovulin processing defect.
Ovulin from DGRP-517 males had a lower apparent molecular weight than did ovulin from CS males ( Figure  1B , lanes 5 and 6). We examined the publicly available sequence from the DGRP-517 line and determined that there is a small (seven residue) C-terminal truncation of ovulin due to the introduction of a premature stop codon. We confirmed this mutation in our own lab stock of DGRP-517. To determine if the ovulin truncation is responsible for its failure to be cleaved in matings to DGRP-517 males, we generated offspring that carried both alleles of ovulin (a DGRP-517 copy and a CS copy) from reciprocal crosses. We obtained "F1A" males by crossing DGRP-517 females to CS males, and "F1B" males by crossing CS females to DGRP-517 males. F1A and F1B males were mated to virgin CS females and we determined whether ovulin could be cleaved. If the cleavage defect is linked to the DGRP-517 ovulin allele, we would expect to see normal cleavage products from the CS allele and full-length ovulin corresponding to the truncated allele. However, we found that both ovulin isoforms were processed by 30 min ASM ( Figure 1C ). Each cleavage event resulted in products of two sizes: 33-and 30-kDa cleavage products are easily observed at this time point from the CS allele and 32-and 29-kDa cleavage products from the DGRP-517 allele ( Figure 1A) . Thus, the defect in ovulin cleavage in DGRP-517 is not due to its ovulin sequence, but rather to a recessive, trans-acting factor.
The astacin-family metalloprotease Seminal metalloprotease-1 (Semp1, CG11864) is an Sfp that is required for the normal processing of ovulin . We therefore checked whether DGRP-517 males produce normal Semp1. We were able to detect Semp1 on Western blots from CS male AGs ( Figure 1D , lane 1) but not from DGRP-517 male AGs ( Figure 1D , lane 2). To determine whether the lack of Semp1 is due to a defect at the semp1 locus or to an unlinked locus, we tested semp1 hemizygotes. Males with DGRP-517 chromosome 2L over a balancer chromosome with a WT allele of semp1 had normal Semp1 levels ( Figure  1D , lane 3), whereas males hemizygous for the DGRP-517 allele had no detectable Semp1 ( Figure 1D , lane 4). All males had normal levels of an unrelated Sfp, Acp62F, used as a loading control. We concluded that DGRP-517 males have a molecular lesion linked to the semp1 locus that results in loss of Semp1.
No ovulin cleavage products were observed in females mated to DGRP-517 males, even at 2 hr ASM ( Figure 1E ). Analogous results were obtained for Acp36DE (data not shown). These results contrast with the findings using RNAi knockdown of semp1, which delayed, but did not fully preclude, proteolytic processing of these substrate proteins . Results obtained with semp1 RNAi males were not able to distinguish whether the partial processing of ovulin and Acp36DE in females mated to RNAi males was indicative of another protease's involvement or due to incomplete knockdown of the semp1 gene product. Ovulin is never fully processed in females mated to semp1 RNAi males , but its first and second cleavage events do occur. Our data indicate that the ovulin processing seen with the RNAi males was due to incomplete knockdown of semp1, and that Semp1 is essential for any ovulin and Acp36DE processing to occur.
We were unable to amplify the semp1 coding region using PCR on genomic DNA from DGRP-517 flies (data not shown) despite the fact that no major mutations were apparent in this region of the DGRP-517 genome assembly. We analyzed the raw sequence reads to determine the nature of the molecular lesion. We found a number of reads that mapped to the semp1 locus at one end and to a transposable element (blood family) at the other end (Figure 2) . From these reads, we concluded that an 7.4-kb blood element has been inserted into the first exon of semp1 in this line. The blood retrotransposons are a family of transposable elements with a canonical length of 7410 bp containing long terminal repeats (LTR elements) (Domínguez and Albornoz 1996) . The presence of the blood element, resulting in loss of the semp1 gene product, was confirmed by PCR of DGRP-517 genomic DNA (see Materials and Methods).
Males with the semp1 517 allele in a wild-type background retain the ovulin processing defect
We isolated the semp1 null allele from the DGRP-517 genome (see Materials and Methods). This was necessary to remove any potential effects on ovulin processing from other mutations that might be present within the DGRP-517 genome. We refer to the semp1 null allele isolated from DGRP-517 line as semp1 517 . semp1 517 was linked to a P-element containing a visible marker and backcrossed to a standard white-eyed laboratory strain (w 1118 ) for 10 generations. This also provided a good genetic control for our phenotypic assays, as we crossed the P-element-only line to w 1118 for the same number of generations (control males).
After backcrossing, we tested semp1 517 males for the presence of Semp1 ( Figure S2A ). Females mated to semp1 517 males failed to process both ovulin ( Figure S2B , lane 1) and Acp36DE (data not shown). Control males produced similar levels of Semp1 and ovulin as w 1118 males ( Figure S2A , lanes 2 and 3). Mates to controls also processed ovulin at a similar rate to w 1118 males ( Figure S2B, lanes 2 and 3) . Surprisingly, even as the processing defects were maintained in mates to semp1 517 males, no obvious defects in fertilityespecially those associated with ovulin or Acp36DE (ovulation, fertility, fecundity, and sperm storage; see Supporting Information)-were detected under optimal, or other conditions (Table S2) . Even though fertility effects were not detected in the laboratory, we think it quite possible that semp1 alleles could affect reproductive success in the wild, but that their effects are not detectable under the more optimal (less harsh) laboratory conditions. Moreover, to focus our assays on effects of the semp1 517 allele alone, we assessed it after backcrossing into a common laboratorystrain background. This would have eliminated any wild-derived alleles that might have interacted with semp1 517 to impact reproductive success.
Semp1 has a low level of activity in the absence of cleavage by seminase When seminase was removed from the male ejaculate by RNAi knockdown, we did not detect cleaved Semp1 in mated females ( Figure 3A , lane 7), although ovulin was slowly processed in these females (LaFlamme et al. 2012) . This result, coupled with the results reported here in mates of semp1 517 males, suggests that either the RNAi knockdown of seminase was incomplete (and a small amount of cleaved seminase was present but undetectable by Western blot) or that Semp1 has a low level of activity in the absence of cleavage by seminase. To distinguish between these possibilities, we tested flies with a P-element insertion in the sole intron of seminase (see Materials and Methods). These males have no detectable seminase in their AGs ( Figure S4A ), and Semp1 was not cleaved in their mates ( Figure S4B) , showing this line to be null for the seminase gene product. To our surprise, ovulin and Acp36DE were processed in these mates ( Figure S4 , C and D, respectively), albeit slowly and in the case of ovulin, not to completion, suggesting that Semp1 has a small amount of activity in the absence of processing by seminase. To parallel the activation mechanism of the canonical Astacus astacus astacin protease (Guevara et al. 2010 ), we will refer to the removal of Semp1's propeptide region by seminase as "activational cleavage." Semp1 mutated at its predicted activational cleavage site fails to cleave its substrates Despite the fact that Semp1 cleaves ovulin and Acp36DE, and that the protease and its substrates are made in the same tissue, cleavage does not occur until these proteins are within the mated female's RT. A possible explanation for this observation is the idea that Semp1 might be synthesized as an inactive zymogen, as has been suggested ). Semp1's cleavage site has been predicted by sequence threading to other astacin-family metalloproteases . Removal of the propeptide region of Semp1, as in many other proteases (Khan and James 1998), should be required for its activity (LaFlamme et al. 2012; Ravi Ram et al. 2006) .
To test if the predicted cleavage site (G45.I46) is used and required for Semp1's full activity, we expressed two different semp1 transgenes in semp1 null males. One transgene encoded wild-type Semp1 (control) and the other a form of Semp1 in which we mutated two residues flanking the predicted cleavage site (cleavage mutant, semp1 CM ; see Figure S3 for map and expression verification). We predicted that expressing semp1 CM in semp1 517 males would generate a form of Semp1 that is unable to be fully activated.
We drove expression of the wild-type control or the cleavage mutant transgenes ( Figure S3B ) in semp1 517 males, using the accessory gland-specific driver paired-GAL4, and mated them to CS females (Figure 3) . At 45 min ASM, RTs of females mated to males expressing the wild-type transgene contained both processed ovulin and Acp36DE ( Figure 3A , lane 4). Ovulin and Acp36DE in these females were processed similarly to that in females mated to CS males ( Figure 3A , lane 2). Thus, the wild-type semp1 transgene was able to fully complement the ovulin and Acp36DE processing defects seen in mates of semp1 517 males ( Figure 3A, lane 3) .
In contrast, only full-length ovulin and Acp36DE were detected in females mated to semp1 CM males (Figure 3 , A, lane 5 and B, lane 3); ovulin gel mobility patterns in these females were indistinguishable from those mated to semp1 517 males ( Figure 3A, lane 3) . The ovulin cleavage defect was more severe than that seen in mates of semp1 RNAi males ( Figure 3A , lane 7; Ravi and in mates of seminase null males ( Figure S4C ), in which ovulin is partially cleaved, showing that mutating the predicted activational cleavage site abolishes Semp1's ability to cleave its substrates.
Although there was no detectable substrate processing in mates of semp1 CM males, the cleavage mutant form of Semp1 did not remain fully intact within females. Both full-length Semp1, and a band of approximately the same molecular weight as cleaved Semp1, were present in female RTs mated to semp1 CM males at 1 hr ASM (a representative sample is shown in Figure 3B , lane 3), although full-length Semp1 was more abundant than the cleaved form.
A trypsin site mutation in the propeptide region prevents Semp1's full activation A hypothesis to explain the apparently cleaved but inactive Semp1 in mates of semp1 CM males is that Semp1 might have two cleavage sites within a few amino acids of each other, both of which must be cleaved for full activation of this protease. In our experiments, it is possible that the G45A. I46A mutation blocked the second (and final) cleavage event, but incompletely blocked the first. This type of activation mechanism exists for the canonical A. astacus astacin protease (Guevara et al. 2010) , which is first cleaved by a trypsin protease a few amino acids N-terminal to its propeptide cleavage site. Following this tryptic cleavage event, the remaining residues are removed from the propeptide by an intramolecular cleavage by astacin itself, producing the active protease (Guevara et al. 2010) . Given the requirement for the trypsin-like serine protease, seminase, in Semp1's activity, we predicted that a similar mechanism might be used: seminase cleaves Semp1 at a tryptic site in the protein's propeptide region, allowing for cleavage at Semp1's predicted activational site (G45.I46)-by Semp1 itself or by an unidentified protease-which liberates the propeptide fragment, generating fully active Semp1.
To determine whether tryptic cleavage within Semp1's propeptide region is required for the protein's full activity, we created transgenic males expressing Semp1 with mutations at either of two tryptic cleavage sites immediately Nterminal to the predicted activational cleavage site ( Figure  S3A ). We refer to the most N-terminal mutation (at position 41) as semp1 R41G , and the other (at position 43) as semp1 R43G . Males expressed the transgenic protein in the semp1 517 background. Males expressing the transgenes had Semp1 in their AGs at levels comparable to those of wild-type males ( Figure  S3D ). Their sibling controls, which did not contain the driver, had no detectable Semp1 ( Figure S3D ).
We examined ovulin processing in mates of semp1 R41G and semp1 R43G males. Mates of semp1 R43G males showed no processing of ovulin (Figure 4, lanes 4 and 8) . In contrast, mates of semp1 R41G males processed ovulin, but the processing did not proceed to completion (Figure 4 , lanes 2 and 6) unlike in mates of CS males (Figure 4 , lane 1) and in mates of males ectopically expressing wild-type Semp1 (Figure 4B, lane 2) . Instead, ovulin processing in mates of Figure 3 The predicted activational cleavage site of Semp1 is required for ovulin and Acp36DE processing. (A) Western blots probed with anti-Semp1 (top), antiovulin (middle), or anti-Acp36DE (bottom). Lane 1: One pair AG from CS male. Lanes 2-9: female RTs (two each well) at 45 min ASM mated to the indicated male. Sems RNAi, female mated to seminase knockdown male; Sems control, female mated to balancer sibling of sems RNAi male. Lanes 8 and 9: Females mated to balancer siblings of males used in lanes 4 and 5. (B) Western blot probed with anti-Semp1 and anti-ovulin. Lane 1: One pair AG from CS male. Lanes 2 and 3: Two female RTs at 1 hr ASM. Lane 2: Two female RTs mated to males expressing WT Semp1 in the null background. Lane 3: Two female RTs mated to males expressing Semp1 CM in the null background. semp1 R41G males was similar to that observed in mates of seminase null males ( Figure S4C ). Further, in females that received either Semp1 R41G or Semp1 R43G , Semp1 was not cleaved to its final size by 2 hr ASM (Figure 4 , lanes 6 and 8), suggesting that mutating either trypsin site blocks propeptide removal. These results indicate that amino acid site 43 is essential for Semp1's proteolytic activity, while site 41 is not, as Semp1 R41G maintained a low level of activity.
It is possible that the semp1 R41G or semp1 R43G mutation simply blocks cleavage at the activational cleavage site (residue 45). However, we would then expect the results to resemble those of the cleavage mutant, in which Semp1 was partially cleaved. However, we never observed partial cleavage of Semp1 R41G or Semp1 R43G in mated females ( Figure S5 ). Therefore, it is likely that these mutations block a different cleavage event than that of Semp1 CM , suggesting that Semp1 is activated in a two-step cleavage process that requires one (or both) of the trypsin cleavage sites in Semp1's propeptide region.
Female contributions are not necessary to initiate ovulin or Acp36DE processing
Male-derived Semp1 is required for ovulin and Acp36DE processing, but the cleavage products of ovulin and Acp36DE are never found in the male RT. They are detectable only within the mated female's RT. In mated females' RTs, Semp1 is found in the uterus and oviduct and is present in the sperm mass (Ravi Ram et al. 2005) . This suggests that Semp1 processes its targets in the vicinity of their sites of action: the uterus, sperm mass, and sperm storage organs and the base of the ovary (Neubaum and Wolfner 1999; Heifetz et al. 2000) . However, what the female contributes to this processing is unknown. It is possible that female molecules are required. Alternatively, the presence of cleaved products of ovulin and Acp36DE only in mated females could simply reflect kinetics-the rapid transit of these molecules through the male RT might not allow enough time for processing to go to completion.
To test whether females actively contribute to ovulin and Acp36DE cleavage (e.g., with proteases or other proteins), by providing the correct catalytic environment (e.g., correct pH or ion concentration), or simply sufficient time, we examined processing of ovulin and Acp36DE in ejaculates collected in the absence of females. We used males ectopically expressing the temperature-sensitive neuronal activator dTrpAI in neurons required for courtship and mating behaviors (male genotype: dTrpAI/+; fru-GAL4/+). Courtship and mating neuronal pathways are activated in these males by exposure to high temperature (Pan et al. 2011) . In the absence of females, these males ejaculate after a few minutes of incubation at 29°( Figure  5A ). The ejaculate is often present as a discrete, semisolid mass near the external genitalia or on the male's abdomen ( Figure  5A , left panel). The first portion of the ejaculate appears as a solid mass and is followed by a more liquid portion containing sperm and, presumably, Sfps ( Figure 5A, right panel) .
To ensure complete coverage/sampling of the male ejaculate, we pooled ejaculates from several males per sample to test for the presence of ovulin and Acp36DE cleavage products. Ejaculates were incubated for various lengths of time in two different buffers, each chosen for its previous use in in vitro processing assays with astacin family metalloproteases from other systems (see Materials and Methods). Only full-length proteins were detectable by Western blot immediately after sample collection ( Figure 5B, lanes 2,  3, 8, and 9 ). The first ovulin cleavage product (33 kDa) was not clearly defined in our blots, but the second cleavage product (30 kDa) was detectable in both incubation buffers by 30 min and increased in intensity by 1 hr ( Figure 5B , lanes 4-7 and 10-13). At 2 and 3 hr after sample collection, the second cleavage product was still visible. We never detected the third (25 kDa) cleavage product of ovulin in ejaculate samples. Acp36DE processing did not occur in the collected ejaculates. A few lanes appeared to have bands of similar size to one Acp36DE cleavage product (68 kDa; Figure 5B , lanes 4-7 and 10-13 and Figure 5C , lanes 2-5, 7, and 8), but they were seen at nearly all time points and did not increase in intensity with the length of incubation time, suggesting that they were not derived from the protein's cleavage.
These experiments indicate that the initiation of ovulin processing, presumably by Semp1, does not require any contribution from the female. Female contributions are necessary, however, to complete processing. First, the in vitro processing in the collected ejaculates was inefficient compared to processing in normal matings. Second, and more importantly, it was incomplete; the final ovulin cleavage product was never detected. Moreover, Acp36DE was not cleaved at all. The female may contribute protein cofactors that enhance the efficiency of Semp1, or she may simply provide the optimal pH or ionic concentrations for complete Semp1 activity. The results underscore the importance of characterizing the conditions within the female RT. To date, no measurements have been done to determine the pH or important ion concentrations (e.g., zinc; Semp1 is a predicted zinc metalloprotease) within the female uterus. These experiments would be invaluable to studies of Drosophila Sfp function in general and would help determine what factors the female provides specifically for ovulin and Acp36DE processing.
Female-expressed Semp1 rescues the processing defect seen in matings with semp1 null males
To further define the role of the male in Semp1 activation, we asked whether Semp1 must be expressed in, and travel through, the male RT for its complete activation. We tested whether Semp1 ectopically expressed in females could rescue the ovulin and Acp36DE cleavage defects seen in mates of semp1 517 males. We expressed wild-type Semp1, Semp1 CM , or the putative trypsin-like mutants (Semp1 R41G or Semp1 R43G ) in females and determined the level of ovulin and Acp36DE cleavage.
We mated ectopic expression females (and their nonSemp1 expressing sibling controls) to semp1 517 males (which transfer ovulin and other Sfps, but not Semp1 to females). Wild-type Semp1 expressed in females appeared on Western blots as a doublet ( Figure S3C, lane 3) . Both bands of this doublet were larger than endogenous Semp1 in the male AG ( Figure S3C ). This size difference is due to improper N-linked glycosylation ( Figure S6 ). However, females expressing wild-type Semp1 were still able to partially cleave ovulin by 1 hr ASM ( Figure 6A, lane 3) . Acp36DE showed no evidence of cleavage at 1 hr ASM in females expressing wild-type Semp1 ( Figure 6A, lane 3) . At 2 hr ASM, wild-type females mated to CS males contained Figure 6 Female-expressed Semp1 can process ovulin and Acp36DE. (A) Western blots probed with anti-Acp36DE or anti-ovulin. Lane 1: One pair AG from CS male. Lane 2: Four wild-type female RTs at 2 hr ASM mated to CS males. Lanes 3 and 4: Four female RTs from females expressing wild-type semp1 at 1 hr ASM (lane 3) and 2 hr ASM (lane 4) after mating to semp1 517 males. Lane 5: Four female RTs from semp1 CM -expressing females at 2 hr ASM after mating to semp1 517 males. Lanes 6 and 7: Four female RTs from sibling control females of wild-type semp1 (lane 6) or semp1 CM -expressing females after mating to semp1 517 males at 2 hr ASM. (B) Western blot probed with anti-ovulin. Lane 1: One pair AG from a CS male. Lanes 2-5: Ten female RTs at 2 hr ASM after mating to semp1 517 males. Lanes 6-8: Four female RTs after mating to CS males at 30, 45, and 60 min ASM. +, females expressing WT semp1 transgene; 2, sibling control females.
fully processed ovulin and Acp36DE ( Figure 6A, lane 2) . Samples from females expressing wild-type Semp1 at 2 hr ASM mated to semp1 517 males had both Acp36DE processing products, and ovulin was more fully processed than at 1 hr ASM ( Figure 6A, lane 4) . In contrast, sibling control females mated to semp1 517 males contained only intact ovulin ( Figure 6A, lane 6) .
No processing of either protein was detected in Semp1 CM -expressing females mated to semp1 517 males at 2 hr ASM ( Figure 6A, lane 5) . Similarly, the cleavage mutants' sibling control females showed no ovulin or Acp36DE processing at 2 hr ASM when mated to semp1 517 males ( Figure 6A, lane 7) . Thus, mutations at the predicted cleavage site of Semp1 render it incapable of cleaving its substrates when expressed in females mated to semp1 517 males.
The 25-kDa ovulin cleavage product (from the final cleavage event) was often detectable in wild-type Semp1-expressing females mated to semp1 517 males by 2 hr ASM ( Figure 6B, lanes 3-5) . However, the processing rate in these females was much slower than in control females mated to CS males ( Figure 6B , lanes 6-8): the level of processing in Semp1-expressing females at 2 hr ASM is similar to that seen in wild-type matings at 45 min ASM ( Figure 6B , lane 7). Control females mated to semp1 517 males contained only full-length ovulin at this time point ( Figure 6B, lane 2) .
Ovulin and Acp36DE remained unprocessed in females that ectopically expressed the semp1 R43G transgene after mating to semp1 517 males, even at 2 hr ASM (Figure 7 , lane 11), recapitulating the result seen in males expressing this construct in the semp1 null background. However, females expressing the semp1 R41G transgene showed partial cleavage of ovulin at 1 hr ASM (Figure 7, lane 3) and further processing of the protein at 2 hr ASM (Figure 7, lane 9) . Similar results were seen with Acp36DE processing, although the 68-kDa cleavage product of Acp36DE is not readily evident until the 2-hr time point (Figure 7, lane 9) . Taken together, these results further implicate the requirement of a tryptic cleavage event in Semp1's propeptide region for the typical activity of this protease.
These data show that ectopically expressing Semp1 in females compensates for the lack of Semp1 from the male. In females mated to semp1 517 males, female-expressed Semp1 is able to cleave both ovulin and Acp36DE, albeit more slowly than when the protease is transferred from the male ( Figure 6A, lanes 3 and 4) . Thus, Semp1 does not need to be synthesized in, or travel through, the male Figure 8 Proposed two-step mechanism for the full activation of Semp1. Semp1 is first cleaved by seminase at a tryptic cleavage site in the protein's propeptide region. This cleavage event allows autocleavage (or cleavage by an unidentified protease) at Semp1's predicted cleavage site (aa 45/46), which leads to the full activation of its proteolytic activity. Figure 7 Female-expressed Semp1 R41G can process ovulin and Acp36DE. Lanes 1-6: Western blot probed with anti-ovulin (bottom) and antiAcp36DE (top) of protein from the RTs of females expressing the indicated transgene or their controls, at 1 hr ASM with semp1 517 males. Lanes 7-12: Same as lanes 1-6 except at 2 hr ASM. The 68-kDa Acp36DE cleavage product is indicated by the black arrow. Each lane contains protein extracts from three female RTs. Driver, the specified semp1 transgene driven by a tubulin-GAL4; control, balancer siblings that do not contain the driver (and do not express a transgene). WT, wild-type Semp1; 41, Semp1 R41G ; and 43, Semp1 R43G .
RT to be active. That female-expressed Semp1 cleaves ovulin and Acp36DE less efficiently than Semp1 provided by males may be for several reasons. First, females express an improperly glycosylated form of Semp1, which may have impaired activity. Second, females may express Semp1 at a lower level than they would receive from males or may not secrete as much protein into the lumen of the uterus. Finally, seminase may not be as efficient at activating Semp1 in females as it is in males, though this seems less likely as Semp1 continues to be cleaved after deposition into the female in normal matings .
Conclusions
The study of proteolytic processing of seminal fluid proteins is an example of a phenomenon that benefits from the use of the DGRP, a population of inbred lines with a high degree of natural genetic variation (Mackay et al. 2012) . This panel provides the opportunity to take advantage of natural variation to study the genetic basis of quantitative traits or to identify new, naturally occurring mutations in pathways of interest. Here, we have demonstrated the utility of the DGRP in recovering a naturally derived null allele of semp1: semp1 517 .
In dissecting Semp1's proteolytic activity, we determined that the protein's predicted propeptide cleavage site is required for its full activity, thus showing that the cleavage of Semp1 that occurs in the male ejaculatory duct and/or bulb during mating (LaFlamme et al. 2012) increases its activity. Our observation that Semp1 CM is partially cleaved in mated females suggests that secondary cleavage sites may exist near the activational cleavage site. Consistent with this hypothesis, we showed here that either of two putative trypsin cleavage sites near Semp1's activational cleavage site is required for Semp1's activational cleavage to occur. These results are intriguing, as seminase is predicted to be a trypsin-type protease that would presumably cleave Semp1 at a tryptic site in its propeptide region (such as residues 41 and 43). Together with the results of Semp1 CM , we propose that Semp1 is cleaved via a two-step mechanism (Figure 8 ): Semp1 is first cleaved by seminase, which makes Semp1 susceptible to activational cleavage. This activational cleavage, at residue 45/46, is then carried out by another protease or by Semp1 autocleavage-the latter is analogous to that seen for canonical astacins (Guevara et al. 2010) .
In a previous study, cleaved and activated Semp1 was never detected in mates of seminase RNAi males, although ovulin was partially processed in these mates (LaFlamme et al. 2012) . We have shown here that the partial processing of ovulin observed in that study was due to a low level of Semp1 activity in the absence of its cleavage. However, uncleaved, partially active Semp1 never completes the stereotypical processing of ovulin (Park and Wolfner 1995) , showing that removal of the Semp1's propeptide region not only increases Semp1's activity, but also allows for the complete processing of ovulin. It has been hypothesized that cleavage of ovulin may increase the concentration of the protein's active components. Although full-length ovulin and its final two C-terminal cleavage products each, independently, stimulate ovulation (Heifetz et al. 2005 ), ovulin's final two cleavage products had a greater effect in inducing ovulation than the full-length protein (Heifetz et al. 2005) . Thus, increasing Semp1's activity via cleavage by seminase may be beneficial to males, allowing ovulin to rapidly exert its function in inducing ovulation, potentially priming the female for those processes required for successful reproduction (e.g., sperm utilization and egg laying).
With this study, we have defined the molecular steps required to regulate a proteolytic pathway in Drosophila seminal fluid that results in the cleavage of two Sfps required for maximum fertility. This cascade begins with the activation of seminase during transit through the male RT at mating, leading to the activation of Semp1 and the processing of ovulin and Acp36DE (LaFlamme et al. 2012) . We have also determined here that both male and female components are important for this pathway, even though males appear to provide the essential proteases for the initial processing events. Our results suggest that conditions of the mated female RT have been fine tuned for an optimal rate of ovulin processing. While the functional consequences of either ovulin or Acp36DE cleavage remain unclear, the demonstration of both male and female cooperation in this proteolytic pathway makes it an interesting model system for future studies of the regulation and evolution of seminal fluid protease cascades. Western blots probed with anti-Semp1 of protein extracts from the RTs of females mated to the indicated male, at 1hr ASM. These blots were from 10.6% gels run for 18 hours at 50V. Lanes 1-4: CS female RTs mated to males expressing the specified semp1 transgene driven by a paired-GAL4 (driver). Lanes 5-8: CS female RTs mated to balancer siblings that do not express a transgene (control female, prior to data analysis. Data were analyzed using a Wilcoxon test (rank sums) in the JMP software package (JMP IN, 5.12).
GENETICS
Uterine conformation assay: Uterine conformation assays were performed as in (AVILA and WOLFNER 2009) . Briefly, an unmated male and a virgin female were placed together in an empty glass vial containing moistened Whatman filter paper. Their time of mating initiation was recorded, and mating pairs were frozen at -20 o C at 35 minutes ASM. RTs from mated females were dissected in 0.7% NaCl and visualized using an Olympus SZ61 dissection microscope. Uteri were staged as in (ADAMS and WOLFNER 2007) . The proportion of uteri at each stage was determined (mean value shown in Table S2 ), and the distribution of stages in semp1 517 mated versus control mated females was analyzed using a Wilcoxon test (rank sums) using the JMP software package (JMP IN, 5.12). 
